The Kalina cycle is believed to be one of the most promising technologies for power generation from low temperature heat sources such as geothermal energy. So far, most Kalina cycle power plants are designed with a working fluid mixture having a fixed composition, and thus normally operate at a fixed condensing temperature. However, the ambient temperature (i.e., heat sink) varies over a large range as the season changes over a year, particularly in continental climates. Recently, a new concept, i.e., compositionadjustable Kalina cycle, was proposed to develop power plants that can match their condensing temperature with the changing ambient conditions, aiming at improving the cycle's overall thermal efficiency. However, no detailed analysis of its implementation and the potential benefits under various climate conditions has been reported. For this reason, this paper carried out a comprehensive numerical research on its implementation and performance analysis under several different climate conditions. A mathematical model is firstly established to simulate the working principle of a composition-adjustable Kalina cycle, based on which a numerical program is then developed to analyse the cycle's performance under various climate conditions. The developed numerical model is verified with some published data. The dynamic composition adjustment in response to the changing ambient temperature is simulated to evaluate its effect on the plant's performance over a year. The results show that a composition-adjustable Kalina cycle could achieve higher annual-average thermal efficiency than a conventional one with a fixed mixture composition. However, such an improvement of thermal efficiency strongly depends on the heat source temperature, climate conditions, etc. The composition-adjusting system introduces extra capital and operation costs. The economic viability of a composition-adjustable Kalina cycle power plant depends on the balance between these extra costs and the increase of thermal efficiency.
Introduction
Reducing fossil fuel consumption and greenhouse gas emissions is particularly important for us to ensure a sustainable future. Power generation from a variety of renewable heat sources such as geothermal and solar thermal energy could make an important contribution to the decarbonisation of our economy [1, 2] . In particular, low-temperature geothermal energy is being used increasingly for power and heat generation [3] . Power cycles utilising low temperature heat sources have been intensively studied and well documented in the past several decades [4] [5] [6] , amongst which organic Rankine cycles and Kalina cycles are considered to be two most important technologies [7, 8] .
In 1984, Kalina proposed a power cycle using a binary mixture as working fluid to generate power from heat source with a relatively low temperature, denoted as Kalina cycle later on [9] . The Kalina cycle is essentially a further development of Rankine cycle. One key difference between them is that a Kalina cycle uses a mixture rather than a pure working fluid, so that isobaric evaporation and condensation processes occur under changing temperatures and the mixture composition varies throughout the cycle. Compared with a Rankine cycle, the efficiency of a Kalina cycle can be increased due to a close temperature match with heat transfer fluids in the evaporator and condenser. For instance, a Kalina cycle system using an ammonia-water mixture as the working fluid to generate power from the waste heat of a gas turbine achieved a thermal efficiency of 32.8% [10] . A Kalina power plant normally uses components (turbine, pumps, valves, etc.) similar to those for constructing a conventional steam power plant. Some investigations showed that a Kalina cycle can achieve a better thermal efficiency than ORC systems [11] [12] [13] [14] .
The Kalina cycle attracted considerable attention in the past decades. Fallah used an advanced exergy method to analyse a Kalina cycle (denoted as KCS-11 hereafter) for utilising a lowtemperature geothermal source [15] . Cao et al. investigated a biomass-fuelled Kalina cycle system with a regenerative heat exchanger, and found the net power output and system efficiency increases as the temperature within the separator increases [16] . The performance of a KCS-11 system for solar energy application has also been studied. It was reported that the ammonia mass fraction was an important system operation parameter and should be optimised to reduce the system's irreversibility [17] . Recently, Yu et al. studied a combined system consisting of a Kalina power cycle and an ammonia absorption cooling cycle, of which the cooling to power ratio can be adjusted over a large range. Their theoretical results showed that the overall thermal efficiency could be increased by 6.6% by combining the two cycles in this way [18] . Wang et al. studied a flash-binary geothermal power generation system using a Kalina cycle to recover the heat rejection of a flash cycle [19] . The optimised results showed that the ammonia mass fraction, the pressure, and the temperature at the inlet of the turbine have significant effect on system's performance. Hettiarachchi et al. studied the performance of the KCS-11 Kalina cycle system for utilising low-temperature geothermal heat sources and found an optimum ammonia concentration exists for a given turbine inlet pressure [20] .
Aiming at low-temperature heat sources, Kalina et al. proposed a power cycle which was later named KCS-34 [21] , based on which a low-temperature geothermal power plant was built in Husavik, Iceland in 2000 [22] . Nasruddin et al. simulated a KCS-34 Kalina cycle using Cycle Tempo 5.0 software and compared it with the operation data of the Husavik power plant, showing a good agreement [23] . Later, Arslan studied the performance of a KCS- 34 Kalina cycle system using an artificial neural network and life cycle cost analysis, and found that the most profitable condition was obtained when the ammonia mass fraction was in the range between 80% and 90% [24] .
In practice, the expansion ratio of the turbine for KCS-34 cycle is relatively high and a multi-stage turbine is required. However, Lengert changed the location of the recuperator in a KCS- 34 Kalina cycle and proposed a new power cycle, i.e., the so-called KSG-1 patented by Siemens. It can achieve high cycle efficiency and only requires a single-stage turbine [25] . Later on, Mergner and Weimer compared the thermodynamic performances between a KSG-1 and KCS-34 for geothermal power generation. The results showed that the KSG-1 achieved a slightly higher efficiency than the KCS-34 [26] . The architectures of KCS-11, KCS-34, and KSG-1 are compared and shown in Fig. 1 .
In the past decade, different approaches have been proposed to further improve the efficiency of Kalina cycle power plants. Ibrahim and Kovach studied a method for controlling the temperature in the separator to adjust the ammonia mass fraction at the inlet of the turbine, and found that this method can improve the cycle's thermal efficiency [27] . Nguyen et al. developed a Kalina splitcycle that had a varying ammonia concentration during the preheating and evaporation processes [28] . He et al. studied two modified KCS-11 systems, which used a two-phase expander to replace a throttle valve [29] . Hua thermal efficiency was 12.8% greater than that of a conventional method [30] . Recently, Mlcak and Mirolli proposed a method to adjust the ammonia concentration according to the cooling source temperature to improve cycle efficiency [31] . A low-pressure separator is used at the upstream of the condenser to separate the twophase mixture into an ammonia-rich vapour flow and an ammonia-lean liquid flow. Then, a drain pump is used to control the mass flow of the lean liquid mixture so that the ammonia mass fraction of the basic solution entering the condenser can be regulated. A density sensor is installed at the maximum pressure position of the basic solution to monitor the ammonia mass fraction in real time, which is sent to the controller as a feedback signal.
The thermodynamic principle of the proposed compositionadjustable Kalina cycle is considered to be technically feasible, but no details have been provided with regard to the implementation of such a power cycle and the potential improvement of the cycle's thermal efficiency under real climate conditions. Moreover, no further research has been reported on this subject according to our literature review. Apparently, there is a need for more insights of the proposed composition-adjustable Kalina cycle to further assess its technical and economic viabilities.
For this reason, this paper carried out a comprehensive numerical analysis of a composition-adjustable KSG-1 Kalina cycle power plant. The main objective is to answer several important questions as follows: (1) How can it be implemented? (2) How much can it improve the annual average thermal efficiency under various climate conditions? (3) What are the key factors affecting its performance?
Moreover, although most Kalina cycle power plants in operation usually use water-cooled condensers, large quantity of water may be not available or too costly, especially for an inland area [32, 33] . It is then necessary to use air-cooled condensers, which are more sensitive to changing ambient temperatures. In order to maximise the effect of the ambient temperature change on the cycle's performance, an air-cooled condenser is employed for the system investigated in this research.
A theoretical model is firstly established, based on which a numerical code is developed. The effect of ammonia concentration on the system's performance is analysed. A case study based on Beijing's climate data has been carried out to demonstrate the performance improvement of the composition-adjustable Kalina cycle system. Finally, a brief performance comparison is performed for various types of climate conditions. The results show that the composition-adjustable Kalina cycle system can remain in the high-efficiency regions when the ambient temperature varies. Therefore, the system's performance can be improved.
Composition-adjustable Kalina system
Based on the concept proposed in a recent patent [31] , a composition-adjustable KSG-1 Kalina cycle for low-temperature geothermal power generation is modelled in this study, of which the system architecture is shown in Fig. 2 . An ammonia-water mixture is used as the working fluid. As ammonia and water have very different boiling temperatures, the gliding temperature of ammonia-water mixture is large and it can be used to decrease the irreversible losses during heat transfer processes in the condenser and evaporator. Fig. 3 shows the bubble and dew lines of ammonia-water mixture at a pressure of 2 MPa. When the ammonia mass fraction is 0.8, the bubble and dew temperatures are around 60.3 and 147.3°C, respectively; the corresponding glide temperature is as large as 86.9°C.
As shown in Fig. 2 , the basic solution at the saturated liquid (state 1) enters Tank 1. A density sensor is installed at its outlet to measure the density of the ammonia-water mixture so that its composition can be deduced and used as a feedback signal for composition control. The low-pressure basic solution at state 3 is pressurised by Pump 1 and it turns into subcooled liquid at state 4. The basic solution is heated to state 5 by the recuperator. In the evaporator, the basic solution is further heated to a two-phase state 6 by a geothermal brine. For the convenience of comparison with the data in literature [25] , the temperature of the brine water is set as 120°C in this research. As the temperature is not high enough for the brine water to fully evaporate the basic solution, Separator 1 has to be used to separate the two-phase solution into an ammonia-rich saturated vapour mixture of state 7 (also called as the work solution) and an ammonia-lean saturated liquid mixture of state 8. The high-enthalpy vapour mixture expands in the turbine and turns into a low-pressure mixture at state 9.
Meanwhile, the high-pressure liquid at state 8 is throttled through the expansion valve to state 10 to reduce its pressure. Subsequently, these two low-pressure flows are mixed to a two-phase state 11 in Mixer 1. It then flows into the recuperator, where the temperature of the low-pressure ammonia-water mixture decreases further after transferring its heat to the high-pressure side.
In order to improve the condensation process of ammonia-water mixture in the condenser, Separator 2 is employed to separate the two-phase flow (state 12) into saturated vapour (state 13) and saturated liquid (state 14). The liquid stream from Tank 2 is then pressurised by Pump 2 and sprayed into Mixer 2, further condensing the ammonia-rich vapour stream. The mixture is cooled and condensed in the condenser, turning into the saturated liquid (state 1).
The corresponding T-s and h-x diagrams are given in Fig. 4 , where the numbers are the corresponding states as shown in Fig. 2 . The black dashed lines represent the bubble lines of states 8 and 14, respectively; while the yellow dashed lines are the dew lines of states 7 and 13, respectively. It can be seen that the temperature glides during the processes 5-6, 11-12, and 17-1.
For the composition-adjustable Kalina cycle system as shown in Fig. 2 , the control unit detects the pressure of the work solution in Separator 1 as a feedback signal to regulate the mass flow rate of Pump 1. The temperature of the basic solution at the inlet of Pump 1 is detected to control the air mass flow rate. The density of the basic solution at the inlet of Pump 1 is adjusted by varying the mass flow rate of Pump 2.
In this composition-adjustable Kalina cycle system, the density sensor is installed at the inlet of Pump 1 rather than at the outlet of Pump 1 as proposed in Mlcak and Mirolli's patent [31] . Hereby, the operating pressure of the density sensor can be reduced. Furthermore, in Mlcak and Mirolli's patent, the system thermal efficiency is used as the performance indicator to optimise the ammonia mass fraction. However, in this paper, both the thermal efficiency and the exergy efficiency are used as the performance indicators.
Numerical modelling and validation
To evaluate the thermodynamic performance of the composition-adjustable Kalina cycle system, a mathematical model is established based on the mass and energy balance equations.
The power consumed by Pump 1 can be expressed as
where process 3 ? 4 s is the corresponding isentropic pumping process of process 3 ? 4. The heat transfer in the recuperator is determined by
The heat transfer in the evaporator is modelled as
For Separator 1, the equations of the ammonia mass fraction, the total mass, and the energy are represented by
Here, x i is the ammonia mass fraction at state i. The ratio of the mass flow rate of state 7 to the total mass flow rate at state 6 is defined as
The output power of the turbine is written as
The expansion through the expansion valve is modelled as an isenthalpic throttling process, so
The mixing process in Mixer 1 can be represented by
Similar to Separator 1, the mathematical model of Separator 2 is expressed as
Accordingly, the ratio of the mass flow rate of state 13 to the total mass flow rate at state 12 is defined as
The input power of Pump 2 is calculated by
The mass and energy equations of Mixer 2 can be expressed as
and
The heat transfer in the air-cooled condenser is determined by
The power consumption of the fans of the air-cooled condenser is calculated by [34, 35] 
where N f is the number of the fans, _ m f , _ m f 0 are the actual and rated fan air mass flow rates, respectively. _ W f 0 is the rated fan power consumption.
The air mass flow for each fan is determined by
The net power output of the Kalina cycle system is The thermal efficiency of the Kalina cycle is defined as
Exergy analysis is based on the second law of thermodynamics to estimate the irreversibility of a process. In this model, only the physical exergy is taken into account, while the chemical exergy for steady flowing fluid is neglected. The exergy of a steady state can be defined as
where the subscript 0 denotes the ambient conditions. Similar to the energy equation, the exergy equation can be expressed by
Therefore, the exergy destruction rate for each component of the Kalina cycle system can be determined.
The exergy destruction rate of Pump 1 is represented by
For the recuperator,
For the evaporator,
For Separator 1,
For the turbine,
For the expansion valve,
For Mixer 1,
For Separator 2,
For Pump 2,
For Mixer 2,
For the air-cooled condenser, assuming all the heat transfer to the air is discharged to the environment, the exergy destruction rate is calculated by
The overall exergy destruction rate of the Kalina cycle is determined as
Therefore, the exergy efficiency of the Kalina cycle is
In this study, some assumptions are made as follows: all the working processes are steady; the pressures at all the states during the operation are constant; the thermodynamic properties at states 1, 2, and 3 are the same; the states 14 and 15 are the same. In addition, the turbine is assumed to operate with a constant isentropic efficiency across the range of mass flow rates presented to it, and this assumption is believed to be feasible [36] . That allows us to apply the model to analyse the cycle performance when the mass flow rates of the turbine varies as the ambient temperature changes from one season to another. The present research assumed that the brine from a geothermal production borehole has a fixed flow rate and temperature, and thus the design target is to maximise the power production.
A program was developed using Matlab. In this model, the thermodynamic properties of the ammonia-water mixture need to be determined. These values are computed by Refprop 9.1 based on the Helmholtz free energy method. The uncertainties of the equation of state are 0.2% in density, 2% in heat capacity, and 0.2% in vapour pressure [37] . The performance of a conventional KSG-1 Kalina cycle was computed at first. The main input parameters are listed in Table 1 . The mass flow rate of the brine is set to 141.8 kg/s, the same as that used in the patent [25] . As there are two-phase states of the ammonia-water mixture in the heat exchangers, where the temperature of the mixture glides with the heat transfer quantity, a pinch analysis method [38] is used to determine the pinch point position and the overall heat transfer.
In order to verify the model, the computed results are compared with some published data [25] as listed in Table 2 . The absolute errors of the heat transfer for all the heat exchangers are less than 1.6%, verifying the computing program developed in this research.
Simulation of a Kalina cycle with composition adjustment
The verified program is then used to analyse the performance of the tested composition-adjustable Kalina cycles. The air temperature data of Beijing in 2015 shown in Fig. 5 are used as the ambient conditions for this analysis. The cycle is optimised according to the average air temperature of each month. The flow chart for the optimisation algorithm is shown in Fig. 6 . Firstly, the temperature and mass flow rate of the brine are specified. The temperature and pressure of state 6 are then set. Next, the pressures at all other states are determined based on the pressure drops. Then, the minimum temperature of the ammonia-water mixture at state 1 is calculated according to the ambient temperature and the pinch point temperature difference. The minimum mass fraction of ammonia in the basic solution corresponding to P 1 and T 1 is computed. Based on the mathematical model, the working process for each component of the Kalina cycle system is computed. Both the thermal and exergy efficiencies are then determined. An iterative algorithm is used to compute the heat transfer within the recuperator, the evaporator, and the condenser according to a predefined pinch point temperature difference. In addition, according to the working pressures of Separators 1 and 2, the corresponding bubble and dew lines are determined. Consequently, the ammonia mass fractions at the outlets of the separators can be obtained based on the Lever rule of zeotropic mixtures [39] .
In this research, in order to study the effect of composition adjustment on the system's performance, a conventional KSG-1 Kalina cycle represented by Cycle B was also simulated. The results are compared with the composition-adjustable Kalina cycle denoted as Cycle A.
In Cycle A, the composition of its ammonia-water mixture can be adjusted according to the ambient temperature. As a benchmark, Cycle B, a conventional Kalina cycle, has a fixed composition of the working fluid mixture, and thus a fixed condensing temperature. To allow Cycle B to operate over a year when the ambient temperature fluctuates from the minimum in winter to the maximum in summer, it has to be designed based on the maximum ambient temperature in a year. For this reason, the maximum temperature over a year was selected to model Cycle B. As a result, it will have a constant thermal efficiency throughout a year.
Results analysis

Effect of composition tuning
Based on the developed numerical model, an optimisation procedure as shown in Fig. 6 was used to analyse the effect of adjusting ammonia mass fraction in the basic solution on the performance of Cycle A. The ambient temperature in October at 13.76°C was used as a sample case. Figs. 7-9 show the system's performance as a function of the ammonia mass fraction in the basic solution x b . The mass flow rate of the basic solution is given in Fig. 7(a) . It decreases from 57.69 kg/s to 31.67 kg/s as x b increases from 0.502 to 0.792. This can be attributed to that the evaporated mass flow of the basic solution increases with the increase of x b , but the heat transfer of the brine in the evaporator cannot increase proportionally. The temperatures at the inlet and outlet of the recuperator are shown in Fig. 7(b) . The temperature at the inlet of Pump 1 decreases with the increase of x b due to a constant pressure at the inlet of Pump 1. The temperature difference at the inlet and outlet of the recuperator is small. The temperature at the outlet of the high temperature side of the recuperator has a similar tendency because the temperature at the inlet of the high temperature side decreases. The temperatures of the brine at the inlet and outlet of the evaporator are shown in Fig. 7(c) . For the convenience of comparing the results with some published data, the inlet temperature of the brine is fixed at 120°C. The temperature of the brine at the outlet of the evaporator decreases gradually because the basic solution becomes easier to evaporate as x b increases, and thus the heat transfer in the evaporator also increases. Fig. 7(d) shows the temperatures in the turbine and Mixer 1. The temperature at the inlet of the turbine remains 107.3°C, the same as the outlet of the evaporator. Because the temperature, the pressure, and the ammonia mass fraction of the work solution at the inlet of the turbine remain constant when x b increases, the temperature at the outlet of the turbine remains constant accordingly. The temperature of the ammonia-lean solution at the outlet of the expansion valve also remains constant. However, after these two streams are mixed in Mixer 1, the temperature at the outlet of Mixer 1 decreases gradually as x b increases.
The mass flow rates at the outlet of Separator 1 are given in Fig. 8(a) . As x b increases, the mass flow rate of the ammonia-rich work solution increases, but the mass flow rate of the ammonialean solution decreases. The mass flow rates at the outlet of Separator 2 are shown in Fig. 8(b) , and they have similar tendencies to those shown in Fig. 8(a) . As shown in Fig. 8(c) , both the temperatures of the basic solution at the inlet and outlet of the condenser decrease as x b increases. It can be seen in Fig. 8(d) , the mass flow rate of air increases significantly as x b increases. Accordingly, the air temperature at the outlet of the condenser drops gradually.
The power consumption of each component is shown in Fig. 9  (a) . When the ammonia fraction x b increases, the power consumption of both Pumps 1 and 2 decreases gradually because the enthalpy of the solution decreases with the increase of x b if the outlet pressures of the pumps are kept constant. The power consumption of the fans increases rapidly because the mass flow rate of the air rises significantly as x b increases. The heat transfer rates within the evaporator and the condenser are shown in Fig. 9(b) . Both of them increase evidently as x b increases. When x b is 0.502, the heat transfer rate of the evaporator and the condenser is 19.15 MW and 18.35 MW, respectively. However, when x b further increases to 0.792, they increase to 29.12 MW and 26.19 MW, respectively. The power output of the turbine and the net power output of the cycle are presented in Fig. 9(c) . The total power consumption of the pumps and the condenser fans is also shown in this figure.
The power output of the turbine rises as x b increases due to the increase of the mass flow rate of the work solution. The total power consumption also increases as x b increases, and it increases significantly when x b is above 0.79. As a result, the net power output firstly increases and then decreases. The maximum net power output occurs when x b is around 0.782. The cycle's thermal and exergy efficiencies are shown in Fig. 9(d) . Both of them firstly increase and then decrease when x b increases from 0.502 to 0.792. The maximum thermal efficiency and exergy efficiency occur when x b is around 0.762 and 0.772, respectively. The ammonia mass fractions corresponding to the maximum points of the thermal and the exergy efficiencies are very close. 
Performance comparison with conventional Kalina cycle
The efficiencies of Cycles A and B defined in Section 4 were then computed according to the monthly average temperature throughout a year in Beijing. Cycle A is designed to match the ambient air temperature during a year. In spring or autumn, the ambient temperature is moderate, and it is represented as T a1 in Fig. 10 . The temperature of the liquid ammonia-water mixture at the outlet of the condenser (i.e., state 1 in Fig. 2.) is denoted as Point A in Fig. 10 . The temperature difference between state 1 and the ambient DT is constrained by the pinch point temperature difference. When the season shifts to winter, the ambient temperature decreases from T a1 to T a2 . State 1 moves from Point A to Point B. During this shifting process, only the ammonia mass fraction is adjusted, while the condensation pressure of the ammonia-water mixture is kept as constant. If the season shifts to summer, state 1 will move from Point A to Point C according to the increase of ambient temperature from T a1 to T a3 . Under these conditions, the condensation pressure of Cycle B is the same as Cycle A. The temperature at state 1 of Cycle B must be determined based on the maximum month-average temperature over a year.
The thermal efficiency of Cycle A as a function of both x b and the ambient temperature is shown in Fig. 11(a) . It can be seen that the ambient temperature has a strong effect on the cycle thermal efficiency. For a given value of x b , the thermal efficiency increases as the ambient temperature decreases. Fig. 11(b) gives the corresponding results of the thermal efficiency against x b for each month. The solid line represents the thermal efficiency for each month, while the dashed line represents the optimal operation line (OOL), i.e., maximum thermal efficiency. It can be seen that for each month the thermal efficiency first increases then decreases as x b increases. This is because the power output of the turbine increases as x b increases, but the power consumption of the cooling fans of the condenser increases too, especially when x b is high. The optimised x b based on the thermal efficiency is in the range of 0.603-0.95, and the corresponding thermal efficiency is in the range of 6.12-9.24%. Fig. 11(c) shows the thermal efficiency of Cycles A and B as a function of ambient temperature. The results of Cycle A corresponding to the optimal operation line of the thermal efficiency are shown in Fig. 11(a) . The thermal efficiency of Cycle B is constant at 6.12%. However, the thermal efficiency of Cycle A increases from 6.12% to 9.24% because, as the ambient temperature decreases, the power output of the turbine increases significantly by matching the condensation temperature of ammonia-water mixture with the ambient air temperature. Fig. 11(d) shows the calculated exergy efficiency of Cycle A as a function of both x b and ambient temperature. The variation of the exergy efficiency has a similar tendency to that of the thermal efficiency as shown in Fig. 11(e) . The heat source of the 2 MW Kalina power plant in Husavik is a low-temperature geothermal brine at 120°C, and its x b of the Kalina cycle is 0.82. This case is denoted as a red 1 line in Fig. 11(b) and (d), and it is close to the optimal results at the ambient temperature of 2.94°C according to the present simulation. It should be noted that, in this research, an aircooled condenser is used instead, and its pinch point temperature difference is greater than that of a water-cooled condenser. There- 1 For interpretation of color in Fig. 11 , the reader is referred to the web version of this article. fore, the corresponding ambient temperature is about 2°C less than that of the Husavik's geothermal power plant. The exergy efficiencies of Cycles A and B are given in Fig. 11(f) . The exergy efficiency of Cycle A increases from 30.7 to 36.5% as the ambient temperature decreases from 26.6 to À1.3°C. In contrast, the exergy efficiency of Cycle B decreases from 30.7 to 16.5% because the net power output of Cycle B is constant while the exergy of the brine increases as the ambient temperature decreases.
Optimal results based on thermal efficiency
In this section, we assume the system operates along the optimal operation line of the cycle's thermal efficiency (see Fig. 11  (a) ). In this case, the mass flow rate of the geothermal brine is fixed as 141.8 kg/s. The net power outputs corresponding to the maximum thermal efficiency are given in Fig. 12(a) . The net power output increases significantly with the decrease of the ambient temperature. The average ambient temperature of Beijing in July reaches a maximum of 26.6°C, and the corresponding net power output is 1.366 MW. In contrast, the lowest temperature is À1.3°C in January, and the net power output is 3.145 MW, which is 2.3 times of that in July. This demonstrates the benefit of matching the cycle with ambient conditions by adjusting the composition of the mixture. The corresponding thermal efficiency and exergy efficiencies are shown in Fig. 12(b) . As the ambient temperature decreases from the maximum (26.6°C) to the minimum (À1.3°C), the thermal efficiency increases from 6.12% to 9.24%. Accordingly, the exergy efficiency increases from 30.7 to 36.5%. Fig. 12(c) shows the optimised x b as a function of the ambient temperature, which increases as the ambient temperature decreases. As shown in Fig. 12(d) , the corresponding density of the ammonia-water mixture decreases from 780 kg/m 3 to 640 kg/m 3 as the ambient temperature drops. Density sensors having an accuracy of ±0.1 kg/m 3 are widely available in the market, which is sufficient for the real-time control of the ammonia mass fraction as required by the system modelled in this paper. Fig. 13(a) shows the power consumption of the pumps and the condenser fans. The power consumption of Pump 1 is of the same order as the fans, while the power consumption of Pump 2 is much less than them. As the ambient temperature decreases, the power of Pump 1 decreases from 134 kW to 114 kW, while the power consumption of the fans firstly increases and then decreases slightly. The power output of the turbine and the net power output of the cycle are shown in Fig. 13(b) . Since the power output of the turbine is far greater than the total power consumed, the tendency of the net power output is similar to that of the power output of the turbine. The mass flow rates of the basic solution and the cooling air are shown in Fig. 13(c) . As the ambient temperature drops, the mass flow rate of the basic solution decreases but the mass flow of the air increases. The mass ratios in the two separators are also given in Fig. 13  (d) . The mass ratio of Separator 2 is lower than that of Separator 1 because the operation temperature of Separator 1 is higher than that of Separator 2. Fig. 13(e) shows the heat transfer between the geothermal brine and the ammonia-water mixture in the evaporator. As the ambient temperature decreases from 26.6°C to À1.3°C, the heat transfer increases from 22.34 MW to 34.03 MW. The temperature of the brine at the outlet of the evaporator is also given in this figure, and it decreases as the ambient temperature decreases. The heat transfer within the evaporator increases evidently due to the temperature drop at the inlet of the low-temperature side. As shown in Fig. 13(f) , the heat transfer of the condenser increases as the ambient temperature decreases. It can be seen that the air temperature at the outlet of the condenser decreases as the ambient temperature decreases.
From the viewpoint of thermal efficiency, the benefits of matching the condensing temperature to the ambient condition via composition adjustment are further analysed and summarised in Table 3 . It should be noted that Cycle A operates along the OOL of thermal efficiency. However, for Cycle B, x b and T 1 are fixed as 0.603 and 36.6°C, respectively, according to the ambient temperature in July. The annual average values of the net power output, the heat transfer of the evaporator, and the thermal efficiency are calculated using Eqs. (41), (42), and (43), respectively. Â 100% ð46Þ
The annual average thermal efficiency of Cycle A is 7.86%, and it is about 28.39% higher than that of Cycle B at 6.12%. On the other hand, the annual average heat transfer of the evaporator of Cycle A is also 26.23% higher than that of Cycle B. As a result, the annual average net power output of Cycles A and B is 2.267 and 1.366 MW, respectively. The former is 65.99% higher than the latter.
The computed results of the Kalina cycle based on the annual average air temperature of Beijing are listed in Table 4 . The thermal efficiency is 8.10% and the exergy efficiency is 24.27%. The corresponding exergy destruction rate for each component is shown in Fig. 14 . The condenser causes the largest exergy destruction rate at 1726 kW, followed by the evaporator (916 kW) and the turbine (881 kW). If the irreversibility loss of the condenser can be reduced further, the system performance can be further improved.
The potential of performance improvement for different climate conditions are also evaluated. In addition to Beijing, four other locations are considered, including Lima (Peru); Husavik (Iceland), Fig. 13 . Performance of the components as a function of the ambient temperature: (a) power consumption by Pumps 1, 2, and the condenser; (b) the turbine power output and the system net power output; (c) the mass flow rates of the ammonia-water mixture and the air; (d) the mass ratios of Separators 1 and 2; (e) the mass flow rate of the brine and the water temperature at the outlet; (f) the heat transfer of the condenser and the air temperature at the outlet. Rome (Italy), and Turpan (China). Their monthly average ambient temperatures in 2015 are shown in Fig. 5 [40] . The maximum and minimum monthly averaged temperatures (T max and T min ), the annual mean temperature (T mean ), and the annual temperature variation (T dif = T max À T min ) are also listed in Table 5 . Based on Eqs.
(44)-(46), the calculated results of the five selected locations are shown in Table 5 . The annual average improvement of the thermal efficiency is nearly proportional to the annual temperature variation. The larger the annual temperature variation, the higher the annual average improvement. Furthermore, the annual mean temperature also affects the performance improvement. A lower annual mean temperature leads to a higher thermal efficiency of Cycle B. For example, the improvement of thermal efficiency of Husavik is slightly less than that of Lima.
Discussion
In a composition-adjustable Kalina cycle, there exists an optimal ammonia mass fraction of the basic solution for a given ambient temperature, leading to a maximum thermal efficiency. Below the optimal value, the mass flow rate of the working solution decreases as the ammonia mass fraction decreases, leading to lower power output from the turbine. Above this optimal value, the power consumption of the fans of the condenser increases significantly as the ammonia mass fraction increases, reducing the power output too.
The composition-adjustable Kalina cycle can change the ammonia mass fraction of the basic solution in response to ambient temperature so that the condensation temperature of the ammoniawater mixture can be regulated to match the changing ambient temperature. When the ambient temperature rises, the system reduces the ammonia mass fraction, so the condensation temperature of the mixture increases. When the ambient temperature drops, the system enriches the concentration of ammonia, reducing the condensation temperature. During the operation, the condensation pressure is maintained constant.
According to the analysis above, a composition-adjustable Kalina cycle can achieve a higher annual-average thermal efficiency than a conventional Kalina cycle operating on a fixed composition (ultimately a fixed condensing temperature). For a typical continental climate (e.g., Beijing), the calculated annual-average thermal efficiency can be improved significantly, the heat addition within the evaporator can also be increased accordingly. As a result, the annual net power production can be increased significantly.
However, such an improvement of the thermal efficiency strongly depends on the heat source temperature and annual temperature variation. For a given heat source temperature, the larger the annual temperature variation, the higher the improvement of thermal efficiency. For a given annual temperature variation (i.e., a given climate condition), the higher the heat source temperature, the less the improvement of thermal efficiency. This can be attributed to the fact that the thermal efficiency of the conventional Kalina cycle (Cycle B) increases as the heat source temperature increases (see Eq. (46)). For high temperature heat sources, the cycle is less sensitive to the variation of condensing temperature (ultimately the heat sink temperature).
The present research assumed that the brine from a geothermal production borehole has a fixed flow rate and temperature, and thus the design target is to maximise the power production. Based on this assumption, the system power output and components sizes of a conventional Kalina cycle (Cycle B) are designed according to the highest ambient temperature in summer. On the contrary, the components sizes of a composition-adjustable Kalina cycle (Cycle A) should be specified according to the lowest ambient temperature in the winter. A composition adjustment control system needs to be added. The mass flow rate and ammonia concentration of the basic solution of the composition-adjustable Kalina cycle are then regulated according to the changing ambient temperature. In this case, the overall power output varies as the ambient temperature changes.
For the convenience of cost comparison, power output can be fixed as the same. In this case, the capital cost of a compositionadjustable Kalina cycle power plant will be slightly more than that of a conventional Kalina cycle mainly due to the introduction of a composition adjusting system that consists of a density sensor, a control unit, and a tank (see Fig. 2 ). There will be a break-even point where the additional capital and operation costs can be compensated by the gain of annual-average thermal efficiency, which however strongly depends on operation conditions such as the scale of the power plant, annual temperature variation, heat source temperature, etc. Qualitatively speaking, a combination of large annual temperature variation, low heat source temperature, and large rated power output could lead to an economically viable case.
Conclusions
This paper presents a comprehensive numerical analysis of a composition-adjustable Kalina cycle system. An advanced numerical model taking into account the heat transfer processes within the evaporator and condenser has been developed to demonstrate and analyse the working mechanism of this cycle in detail, and it has been verified by some published data.
Air-cooled condenser has been used in this research to maximise the effect of the ambient temperature on the cycle's performance. The effect of both air temperature and flow rate on the cycle's thermal efficiency has been analysed in detail.
The obtained results are compared with a conventional Kalina cycle with fixed composition and condensing temperature, showing a significant improvement in annual-average thermal efficiency. However, such an improvement of the thermal efficiency strongly depends on the heat source temperature and annual temperature variation. For a given heat source temperature, the larger the annual temperature variation, the higher the improvement of thermal efficiency. For a given annual temperature variation, the higher the heat source temperature, the less the improvement of thermal efficiency.
Extra components and a control system are required to implement such composition-adjustable Kalina cycle, and they introduce extra costs. The additional capital and operation costs can be compensated by the improvement of annual-average thermal efficiency (i.e., more power generation). In general, a combination of large annual temperature variation, low heat source temperature, and large rated power output is preferred for a compositionadjustable Kalina cycle. In order to quantitatively identify the break-even point, a combined thermodynamic -economic model is required, and it will be studied in detail in the future.
